Nanocrystalline copper oxide (CuO) particles were precipitated by using different sources of copper salts and oxalic acids. The transformation to monoclinic CuO is achieved by heating the copper precipitate at 300°C for 4 h. Dice-like and flower-like structures were obtained from the effects of by-product's acidity to the morphology of copper oxalate (Cu(C 2 O 4 )). The particle sizes of all samples, determined by transmission electron microscopy (TEM), were in the range of 10-30 nm. 0.5% CuO doped ZnO (CuO-ZnO) nanophotocatalysts were successfully prepared by mixing synthesized CuO nanoparticles with synthesized ZnO in absolute methanol. No significant changes in morphology were observed between the undoped and doped ZnO except for a higher surface area obtained for CuO doped ZnO. The doping of CuO on ZnO also resulted in enhanced photocatalytic performance of ZnO in the photodegradation of methyl orange dye.
was used as the precipitating agent. 0.1 M metal ion solution (Zn precursor or Cu precursor) was titrated with 0.15 M oxalic acid solution. The resulting precipitate was centrifuged, washed several times with deionized water and oven-dried at 120 o C overnight. The Zn and Cu precipitates were calcined in a furnace (Carbolite) at 450 and 300 o C for 4 h respectively. 0.5 wt% CuO-ZnO photocatalyst was prepared by mixing appropriate amounts of ZnO and CuO nanoparticles in 100ml absolute methanol (HPLC grade, 99.99%, Fisher Scientific). The mixture was constantly stirred in a fume cupboard at 30°C for 12 hr which almost all the absolute methanol evaporated. The mixtures were then oven-dried overnight.
Characterization. The phase of the prepared samples was determined by x-ray diffraction (XRD) (Pan Analytical (Philips) X'Pert Pro PW3040) with Cu Kα radiation at 40 kV and 30 mA. The morphology of the samples was determined by scanning electron microscope (SEM, JEOL JSM 6400) where the samples were mounted on aluminum stubs using a carbon tape and coated with a thin layer of gold before being introduced into the instrument. The size of the nanoparticles was measured directly through the transmission electron microscope (TEM, Hitachi H-7100 Electron Microscope) images. The surface area of CuO-ZnO samples were measured using BELSorp Mini II Surface Area Analyzer.
Photocatalysis process. The degradation of methyl orange dye (MO, BDH) as a model pollutant was performed in a 1.2 L vertical batch photoreactor. The set-up of the photoreactor was as reported by Umar et al., 17 0.5 g of 0.5% CuO-ZnO photocatalyst was suspended in 1 L of 10 ppm MO in the photoreactor. The mixture was magnetically stirred in the dark for 15 min to reach the adsorption/desorption equilibrium before switching on the UV-light. After a time interval, analytical samples were taken and the change in MO concentration was determined using 1650 UV-Vis Spectrophotometer (Shimadzu).
Result and Discussion
Crystalline structure of CuO. The XRD patterns of samples prepared using copper acetate (CA), sulphate (CS), nitrate (CN), and chloride (CCl) are shown in Fig. 1 . All the diffraction peaks are identical to that of monoclinic CuO (JCPDS: 44-0706). This shows that the copper precipitate can be transformed to CuO at a calcination temperature of 300 ˚C. The crystallinity and the crystallite size of the prepared CuO can be inferred and calculated based on the intensity of the diffraction peaks. The estimation of crystallite size, based on the most intense diffraction peak (002) using Debye Scherrer equation, showed that CA was the biggest (17.1 nm) followed by CN (12.6 nm), CCl (12.5 nm) and CS (11.7 nm). As the crystallite size increases, the local lattice order in the structure also increases, giving a narrow but intense diffraction peak, indicating a high degree of crystallinity. 18, 19 The difference in crystallinity of the CuO prepared samples may be due to the interaction of the precipitate with the by-products of the synthesis. As the oxalic acid reacts with the copper solution, different acids are produced as shown in proposed mechanism below (equations 1 -4): 
According to Alfonso et al., 20 and Conley and Althoff, 21 the acidity of the solution is one of the factors controlling the crystallinity of the product. The presence of strong acids (H 2 SO 4 , HNO 3 , HCl) may have led to the dissolution of bigger particles followed by the formation of smaller Cu precipitate with lower crystallinity. However, this phenomenon is not possible in presence of weak acids, such as CH 3 COOH, hence the use of the weak acids will yield bigger particles with a high degree of crystallinity. The morphology of prepared CuO may also be affected by the acids produced during titration (equations 1, 2, 3 and 4). Since strong acid ionizes completely in aqueous solution, the accumulation of ions during titration increases the density of ionic atmosphere in the solution. Based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, 22 the potential energy of the solution of a dense ionic atmosphere would be at secondary minimum, which leads to the flocculation of particles (formation of dice-like structure) at large separation (less agglomeration) due to the repulsive electrostatic forces. Conversely, weak acids partially ionize, leading to low potential energy of the solution resulting in agglomeration of particles due to the dominant Van der Waals forces between the flocculated particles.
The agglomeration and distribution of particles in the samples can be further investigated via TEM. The TEM images and the particle size distribution of the samples are shown in Fig. 3 . The particle sizes of all the samples range from 10-30 nm. CS has the narrowest particle size distribution from 12-19 nm with the highest number of particles of 13 nm followed by CA (24 nm) and CN (22 nm). CCl exhibited a broad particle size distribution from 19-24 nm. Fig. 4 shows the XRD patterns of the CuO-ZnO nanophotocatalysts. All peaks observed were well indexed with the hexagonal (wurtzite) phase standard data of ZnO (JCPDS: 76-0704). XRD peaks attributed to CuO were not observed because the amount of CuO was too low to be detected. However, elemental analysis by XRF showed the presence of CuO in the photocatalysts. The amount of CuO in the sample, the crystallite size of CuO-ZnO nanophotocatalyst , as estimated with the Debye-Scherrer equation and the surface area of CuO-ZnO, as determined by the BET method, are tabulated in Table 1 . The enhancement of surface area in CuO-ZnO samples was due to the presence of porous CuO (porosity study was not included in this paper) and effect of methanol that was used in preparation process. The methanol is a well-known dispersing agent has increase dispersion degree of particles which expose more surface area of particle that available for adsorption and photocatalysis. Fig. 5 . All the images exhibited similar irregular morphology with the existence of plates in some parts of the images. The particles of CuO-ZnO are more dispersed than that of ZnO probably due to the effect of methanol on the morphology of the samples, 23 which also affected the surface area measurement as shown in Table 1 . The TEM images of ZnO and CuO-ZnO nanophotocatalysts showed that the particle size distributions are in the range of 30-60 nm. All the properties of CuO-ZnO investigated shows that the doping of CuO does not affect the properties of bare ZnO. 23 Upon light irradiation, the photoinduced electrons are captured by CuO particles. This not only prolongs the lifetime of the photogenerated h + but also effectively inhibits the recombination of e -/h + pairs, which increases the degradation rate. For better photocatalyst performance, more studies are needed to determine the optimum % CuO loading and the optimum conditions for degrading dyes and other pollutants. CuO nanoparticles and 0.5 % CuO-ZnO photocatalysts were successfully synthesized via precipitation and direct mixing. CuO produced from copper acetate, CA, exhibited very different morphology than that of CS, CCI and CN samples, and has higher crystallinity, bigger crystallites and was more agglomerated. However, doping of CuO onto ZnO did not give any significant difference in the properties of synthesized ZnO. The photocatalytic activity of ZnO was also enhanced in the presence of CuO.
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